Trisomy mapping is a powerful method for assigning genes to chicken microchromosome 16 (GGA 16). The single chicken nucleolar organizer region (NOR), the 2 major histocompatibility complex regions (MHC-Y and MHC-B), and CD1 genes were all previously assigned to GGA 16 using trisomy mapping. Here, we combined array comparative genomic hybridization with trisomy mapping to screen unassigned genomic scaffolds (consigned temporarily to chrUn_random) for sequences originating from GGA 16. A number of scaffolds mapped to GGA 16. Among these were scaffolds that contain genes for olfactory (OR) and cysteine-rich domain scavenger (SRCR) receptors, along with a number of genes that encode putative immunoglobulin-like receptors and other molecules. We used high-resolution cytogenomic analyses to confirm assignment of OR and SRCR genes to GGA 16 and to pinpoint members of these gene families to the q-arm in partially overlapping regions between the centromere and the NOR. Southern blots revealed sequence polymorphism within the OR/SRCR region and linkage with the MHC-Y region, thereby providing evidence for conserved linkage between OR genes and the MHC within birds. This work localizes OR genes to the vicinity of the chicken MHC and assigns additional genes, including immune defense genes, to GGA 16.
This study focused on identifying chrUn_random sequences that belong to GGA 16. GGA 16 is of particular interest because regions of GGA 16 strongly influence the incidence of infectious diseases and tumors. High-resolution cytogenomic analyses of GGA 16 recently established the order (proximal to distal) of 3 gene clusters on the GGA 16 q-arm: nucleolus organizer region or NOR (ribosomal RNA genes), MHC-Y, and MHC-B (Delany et al. 2009; Solinhac et al. 2010) . A relatively large GC-rich region separates MHC-Y from MHC-B. Fluorescence in situ hybridization (FISH) results indicate that this region contains PO41 (pattern of 41 nucleotides) tandem repeats and has led to the suggestion that PO41 sequences may support the high recombination rate that underlies the lack of linkage observed between MHC-Y and MHC-B (Wicker et al. 2005; Solinhac et al. 2010) .
We used a naturally occurring GGA 16 aneuploid to identify unplaced scaffolds consigned to chrUn_random that originated from GGA 16. A GGA 16 aneuploid line (aka trisomic line) has been maintained for many generations, first at Cornell University and now at the University of California, Davis (UCD). Aneuploidy for GGA 16 is a heritable condition and matings produce viable, fertile chickens that carry extra copies of GGA 16. Crosses between individuals in the trisomic line that have 3 copies of GGA 16 generate viable disomic, trisomic, and tetrasomic offspring in the ratio of 1:2:1. Animals carrying the extra copies are highly useful for mapping genes to GGA 16. The NOR, MHC-B including BG genes, MHC-Y, and CD1 were all previously assigned to GGA 16 using this approach (Bloom and Bacon 1985; Goto et al. 1988; Miller et al. 1996 Miller et al. , 2005 . We reasoned that additional genes might be assigned to GGA 16 if trisomy mapping were to be combined with array comparative genomic hybridization (aCGH) screening of the scaffolds consigned to chrUn_random. We further reasoned that GGA 16 candidates identified by aCGH could be confirmed and localized on GGA 16 by high-resolution cytogenomic analysis using FISH, which was how MHC-Y was mapped with respect to MHC-B and the NOR (Delany et al. 2009; Solinhac et al. 2010) . Here, we report how we identified candidate genes from GGA 16 by aCGH screening of unplaced scaffolds consigned to chrUn_random and confirmed their location on GGA16 using FISH and Southern hybridizations.
Materials and Methods

DNA Samples
DNA samples for the array studies were from Cornell trisomic line chickens (Bloom and Bacon 1985; Bloom et al. 1993 ) previously typed for GGA 16 copy number (Miller et al. 1996) . A total of 24 trisomy line chickens were included, with 8 individuals each representing the 3 different GGA 16 copy-number dosages, that is, 2, 3, or 4 copies. For linkage studies, we used DNA samples from the fully pedigreed C084 family previously typed for MHC-B and MHC-Y (Briles et al. 1993 ) and from Cornell Lines N and P (obtained from USDA ARS ADOL). DNA from a UCD-001 Red Jungle Fowl (RJF) was used for the polymerase chain reaction (PCR)-based cloning of probes.
Array Comparative Genomic Hybridization and Raw Data Pipeline
A custom 4x44K aCGH platform (Agilent Technologies, Santa Clara, CA) was designed to include probes for all chrUn_random scaffolds identified in the WUSTL Gallusgallus-2.1 (aka galGal3.0) build of the Gallus gallus genome (array provided through U.S. Poultry Genome Coordination Funds). A total of 39 949 probes (spotted in duplicate on the array) were designed from the chrUn_random sequence in galGal3.0. Nearly all probes were 60 nucleotides in length and had an average spacing of 1 probe for every 4 kb. Probes for 500 positive controls originated sequences already assigned to GGA 16. Probes for 2046 negative controls came from the sequences of other autosomal and sex chromosomes. An additional 2725 technical control probes resulted in a total of 45 220 probes being incorporated into the array design. The aCGH platform data are available at the NCBI GEO repository, accession number GSE47690.
Arrays were screened with genomic DNA from the 24 trisomic line individuals (di-, tri-, or tetrasomic for GGA 16; n = 8 for each) using a loop design for hybridization (Supplementary Figure 1a) combined with a dye swap routine (Supplementary Figure 1b) . All hybridizations were performed as directed by the Agilent Oligonucleotide Array-Based CGH for Genomic DNA Analysis Protocol, version 6.3, for enzymatic labeling. Briefly, genomic DNA was checked for quality and quantity using agarose gel electrophoresis and spectrophotometry (NanoDrop 1000, Wilmington, DE) and was ethanol precipitated, if necessary. A total of 1 µg of DNA from each individual was used as the input material. Samples were digested with restriction enzymes, fluorescently labeled, and hybridized to the slides according to the manufacturer's guidelines (Agilent Technologies). Each array was then processed on an Agilent "C" scanner using the settings recommended in the aCGH protocol. The aCGH data sets have been submitted to the NCBI GEO repository and assigned accession numbers GSM1154804-GSM1154827.
All aCGH data were analyzed using R-bioconductor (www.bioconductor.org) and SAS version 9 (SAS Institute, Cary, NC) software. First, raw median background and signal intensity information were tabulated for all samples. Then data across all arrays were normalized by the Scaling and Centering method in R-bioconductor and log 2 -transformed. The normalized data were analyzed by mixed model Anova in SAS. Least squares means were used to calculate "fold-change" ratios between each group representing the 3 GGA 16 copy dosages and P values. Overall P values across all 3 groups were calculated and adjusted for multiple comparisons. The robustness of the data was determined by diagnostic plots.
Postarray Data Analysis
The aCGH array results for probes with overall P values <0.01 were examined individually for evidence of the 1.5-, 1.3-, and 2.0-fold-change ratios expected in trisomic to disomic, tetrasomic to trisomic, and tetrasomic to disomic Miller et al. • Mapping Additional Genes to Chicken Microchromosome 16 205 ratios expected for GGA 16 sequences. All chrUn-random probes that had values approximating the expected foldchange ratios, including some that only weakly approximated these ratios, were used to blastn search galGal4.0 to identify genomic RefSeq (placed and unplaced) that have sequence similarity. All unplaced RefSeq scaffolds containing identical sequences and sequences highly similar to the probe sequences (≥95% sequence identity for the aCGH probes, which included scaffolds with 3 mismatches or less and no more than 1 nucleotide deletion) were chosen for further analyses. These unplaced scaffolds (identified by their RefSeq numbers) were collected and organized according to their matches with individual aCGH probes. The probes were then consolidated by their matching scaffolds. Probes, the unplaced RefSeq scaffolds, and the annotations available on 24 June 2013 (RefSeq-release 58) are summarized in Supplementary Table 1 .
Probes for Southern Hybridization, Library Screening, and FISH PCR was used to amplify and clone regions containing the scavenger receptor cysteine-rich domain (SRCR) and OR genes for use as probes for Southern hybridization, library screening, and FISH. To obtain a probe for SRCR-domainencoding genes, unplaced scaffolds predicted to contain SRCR-domain-encoding sequences were analyzed for gene structures described by Herzig et al. (2010) for chicken Group B SRCR-domain-containing genes. One mRNA, XM_001235945.1, predicted within NW_001477215.1 in galGal3 was chosen as the template for developing an SRCR gene probe. Primers designed for PCR (SRCRf/819-AGTGCCTGTCATCATTTGC and SRCRr/820-GCACAACATAAAAGCAGAGG) flanked the predicted transmembrane and intracellular domain-encoding regions. They were used to produce the SRCR probe (GenBank number 1627845), a 1255-bp PCR product from RJF genomic DNA, which had a sequence closely similar to the region encoding the transmembrane and cytoplasmic domains predicted in XM_001235945.1. A similar approach was used to make a probe for the OR genes. Nearly the entire sequence of a G. gallus olfactory receptor 14J1-like (predicted mRNA XM_427648.1) gene was cloned after amplifying from RJF DNA using primers ORf/821-ATGCCCAACAGCAGCTC and ORr/823-CCTGAGCTCCTGGTTCC to produce the 888-bp OR probe (GenBank number 1628547). These 2 probes were used in turn on Southern blots and for screening BAC library filters to obtain a clone containing both SRCR and OR genes. The CHORI (Children's Hospital Oakland Research Institute)-261 chicken BAC Library arrayed on duplicate filter sets provided by the U.S. Poultry Genome Coordination Fund was screened with the SRCR and OR probes using previously described methods (Shiina et al. 2007 ). Out of 23 clones strongly positive with both, we picked 4 for further characterization. Three were confirmed to be double positive for SRCR and OR sequences on Southern blots and the fourth, apparently selected in error, was negative for both (Supplementary Figure 2) . None of the clones were positive for ribosomal (r) DNA (18S-5.8S-28S rRNA genes) on Southern blots probed with a highly conserved rDNA sequence (Arnheim 1979; Miller et al. 1996) . The BAC clone estimated to be the longest (~175 kb), CH261-59A12 (aka 59A12), was chosen as the OR/SRCR double-positive probe (OR/SRCR probe) to be used in FISH to localize the OR and SRCR genes.
Fluorescence In Situ Hybridization
Chromosomes were prepared from UCD-001 (RJF) and UCD trisomic line chickens. Mitotic chromosomes were harvested from GGA 16 trisomic embryos at 4.5 days of embryogenesis. Meiosis I pachytene stage chromosomes were harvested from RJF adult male gonads. Chromosome harvesting and FISH procedures were standard (Rodionov et al. 2002; Romanov et al. 2005; Delany et al. 2009 ). To further map GGA 16 genes and resolve the gene order, we used an MHC-B probe (TAM31-JF256-BI-44G24) and the previously described NOR probe (a 3-kb fragment from the 5′ externally transcribed sequence [ETS] of the 18S-5.8S-28S rRNA gene repeat), in addition to the SRCR and OR/SRCR probes (Delany and Krupkin 1999; Delany et al. 2009 ).
Probes were labeled by nick translation to incorporate nucleotides that were conjugated to Vysis red (the SRCR probe), Vysis orange (the OR/SRCR probe) (Vysis labels from Abbott Molecular Inc.), or digoxigenin (NOR [ETS] and MHC-B probes). Digoxigenin was detected using an antidigoxigenin fluorescein (green)-conjugated antibody (Roche Applied Science). The preparations were stained with 1 drop of Vectashield (VS) with 4′,6-diamidino-2-phenylindole (DAPI):VS (1:9) (Vector Laboratories, Inc.). Chromosome and cell images (40-50 cells per FISH experiment) were collected and analyzed on an Olympus BX41 epifluorescence microscope equipped with an automatic filter wheel (Chroma Technology 82000, DAPI/fluorescein isothiocyanate/tetramethylrhodamine isothiocyanate filter set), Spectrum Red filter, X-Cite 120 Series metal-halide fiber optic lamp, and Applied Imaging software (CytoVision 3.93 GENUS).
Southern Hybridization
BAC clones were analyzed on Southern blots that were prepared as previously described and probed with the 1255 bp SRCR probe or the 888 bp OR probe (Miller et al. 1994) . DNA samples from the C084 family (Briles et al. 1993) and from N and P Cornell Lines were also analyzed by Southern blot to detect linkage with MHC-Y and MHC-B.
Results
Trisomy aCGH Mapping
We reasoned that by combining aCGH with trisomy mapping, it might be possible to identify unplaced scaffolds consigned to chrUn_random that originate from GGA 16. To determine if this approach would work, we examined the behavior of probes that originated from GGA 16 (positive
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controls) and probes from locations on other chromosomes (negative controls) in hybridization in the aCGH array. The fold increase in signal intensity for probes complementary to GGA 16 sequences was expected to be 1.5 when trisomic samples were compared with disomic samples, 1.3 when tetrasomic samples were compared with trisomic samples, and 2.0 when tetrasomic samples were compared with disomic samples. From among 42 494 aCGH probes arrayed in duplicate, there were 839 probes (38 of these provided significant scores from both copies and so 801 probes with different sequences) that had significant overall P values (P < 0.01). Among the 801 different probes, 386 were positive control probes made from sequences already assigned to GGA 16. All 386 of these GGA 16 probes showed fold increases in signal intensity that reflected their origination on GGA 16. Only 15 negative control probes (out of the original 2046 designed from sequences of other chromosomes) had overall P values <0.01. None of these probes showed fold increases in signal intensity anywhere close to those of the positive controls that originated from GGA 16. Examples (5 each) of the results observed for positive and negative control probes are shown in Table 1 . Because the majority of the positive control aCGH probes displayed the expected fold increases in signal intensity, but none of the negative control probes did, we concluded that aCGH could be combined with trisomy mapping to search for unplaced scaffolds originating from GGA 16.
The remaining aCGH probes, all from chrUn_ran-dom sequences and with significant overall P value scores (P < 0.01), were examined individually for evidence of fold increases in signal intensity. Many showed no evidence of the fold increases that would be expected if they originated from GGA 16 suggesting that these originated from chromosomes other than GGA 16. Indeed, BLAST (blastn) searches revealed that many of these probes originate from sequences assigned to other chromosomes in the galGal4.0 build (data not shown). There were 38 probes that showed some evidence of the fold increases in intensity expected for originating from GGA 16. This included a number of probes with ratios only weakly approximating that expected, that is, with a mid, a low, and a high value for trisomic/disomic, tetrasomic/trisomic, and tetrasomic/ disomic comparisons, respectively. The 38 probes were used in BLAST (blastn) searches against galGal4.0 to identify unplaced and placed genomic scaffolds with significant sequence similarity. Unplaced scaffolds were included in further analyses if they contained sequence identical to or highly similar to the aCGH probe. We estimated that aCGH hybridization would occur with sequences containing up to 3 mismatched base pairs including a single nucleotide gap and used this condition to select scaffolds for further analysis.
Among the 38 probes, 5 matched perfectly with genomic scaffolds in galGal4.0 now placed on GGA 16 (Table 1 ). In addition, although falling below our criteria for selection described above, we included 2 probes (probes 6 and 7 in Table 1 ) that perfectly matched sequence on chr2, but which also revealed a very large number of lower quality matches (72 and 86 different sites, respectively) with NC_006103.3, a large scaffold placed on GGA 16, that contains many MHC-B genes. It is likely that the large number of similar sequences contributed to the GGA 16-related fold increases in the aCGH hybridization allowing us to identify NC_006103.3.
The remaining 31 probes identified unplaced scaffolds. Some had intensity-fold changes close to the expected 1.5, 1.3, and 2.0 ratios, whereas others had weaker mid, low, and high values (Table 1) . In blastn searches, the 31 probes identified 185 unplaced scaffolds meeting our selection criteria (Supplementary Table 1 ). Only 9 probes identified single unplaced scaffolds (probes 11, 16, 17, 19, 20, 22, 23, 31, and 34) . The others identified several and, in some cases, dozens of unplaced scaffolds. Many also produced significant hits with sequences on other chromosomes. RepeatMasker (Smit et al. 1996 (Smit et al. -2010 testing of these unplaced scaffolds suggested that different types of interspersed repeats, often retroviral long terminal repeats and sometimes long interspersed nuclear elements (L2/CR1/REX) repetitive elements entirely or partially fill many of the scaffolds. Because the aCGH probes were designed without masking of repetitive sequences, it seems that a portion of the aCGH probes represented repetitive sequences and identified scaffolds containing various quantities of interspersed repeats.
Candidate Genes Mapping to GGA 16
Although most of the 185 sequences lacked annotation, 33 were found to contain a variety of interesting genes (Table 2 ). Among these were OR genes. A total of 80 OR genes belonging to multiple OR families (4D2-like, 6M1-like, 14A16-like, 14C36-like, 14I1-like, 14J1-like, 14K1-like, and 49-like, see HUGO; http://www.genenames.org/genefamilies/OR for nomenclature) are located in the sequences of 9 of the unplaced scaffolds. Most genes belonged to the OR14 family and 56 were identified as OR14J1-like members. OR14J1-like genes (previously called 5U1) are 1 of the 2 most common types of OR genes present in the chicken genome (ICGS Consortium 2004) . The 56 OR14J1-like genes localized to 3 of the 8 unplaced scaffolds (NW_003780063.1, NW_003780081.1, and NW_003780102.1; Table 2 ) and were arranged one after another, almost entirely uninterrupted by intervening sequences. If there were interruptions, they were other types of OR genes (either 14J16-like or 14C36-like). The arrangement of the OR genes in the remaining 6 unplaced scaffolds was quite different. The OR gene copy number was lower and the genes were mostly of different types (OR4D2-like, OR6M1-like, and OR49-like). In 3 unplaced scaffolds (NW_003768803.1, NW_00377977.1, and NW_00370028.1), only a single OR gene was annotated. In the remaining 3 (NW_3780051.1, NW_003780061.1, and NW_003780062.1), the OR genes were found in the vicinity of other genes. Most notably, the OR genes were near genes encoding proteins with SRCR domains (see below). Finding OR genes that map to GGA 16 is consistent with the recent placement of an OR marker on GGA 16 The sequences of all probes are available in NCBI GEO GSM1154804-GSM1154827.
b
All probes were arrayed in duplicate. Significant results for both copies are listed when observed.
Table 1
Continued c YF-defining residues are present, so annotation is modified here to YF instead of BF. using radiation hybrid mapping (Solinhac et al. 2010) . The presence of multiple OR family members in the vicinity of MHC is reminiscent of the location of OR genes near the MHC in other species (Younger et al. 2001) . OR14J1 genes are the most common OR genes found near the MHC (HLA) in humans (Younger et al. 2001) . The aCGH probes also identified SRCR genes in multiple unplaced scaffolds (Table 2) . These genes varied both in length and sequence, but all were similar and contained hallmarks of the Group B SRCR gene family, that is, a putative exon predicted to encode an SRCR domain that contains a conserved distribution of 6-8 cysteine residues (Sarrias et al. 2004) . Sequences encoding SRCR domains appeared in 6 of the 33 annotated unplaced scaffolds (Table 2 ). Because annotation of galGal4.0 was ongoing at the time of this study, more SRCR gene family members could be revealed by further sequence analysis. Among the currently annotated unplaced scaffolds, there were 3 (NW_003780059.1, NW_003780061.1, and NW_003780062.1) in which the SRCR genes are located nearby to OR genes ( Figure 1 and Table 2 ). SRCR and OR genes that were juxtaposed were also found in our initial analysis of galGal3.0 unplaced scaffolds (data not shown). Chicken Group B SRCR genes are variously identified as "antigen WC1.1-like," "putative WC1 antigen," "M130-like," and "deleted in malignant brain tumors 1 protein-like," but they remain to be fully characterized. For simplicity, we have chosen to use SRCR as the identifier for all genes that were predicted to encode Group B SRCR domains.
Other selected unplaced scaffolds contained additional evidence for assignment of more genes to GGA 16. This included a subset of the immunoglobulin gene superfamily, located in 6 different unplaced scaffolds (NW_003780090.1, NW_003779942.1, NW_003769166.1, NW_003779888.1, NW_003773808.1, and NW_003779679.1; Table 2 ). These are genes listed variously as leukocyte immunoglobulin-like receptor subfamilies A and B member 6-like, natural cytotoxicity trigger receptor, and T-cell-interacting, activating receptor on myeloid cells protein 1-like genes. They are highly similar among themselves and show high similarity in blastn searches to CHIR genes, many of which map to a single chromosome identified as GGA 31 (E64 linkage group) (Viertlboeck et al. 2005; Laun et al. 2006; Viertlboeck and Göbel 2011) .
Other genes present within the unplaced scaffolds selected by the aCGH probes included annexin A4-like, G proteincoupled receptor 42-like, SMAD7B, serine/arginine repetitive matrix protein 1-like, and a number of uncharacterized genes (such as LOC100857160, LOC101747416, and LOC101750268, noted in Supplementary Table 1) . Two microRNA sequences (mir-7b and mir-122-2) were also found (unplaced scaffolds NW_003778003.1 and NW_003770998.1). Additional coding sequences detected by GenScan (http://genes.mit.edu/ GENSCAN.html) were identified in blastn searches as sequences for polymerases, reverse transcriptases, and zinc finger proteins (not shown). Finally, several of the unplaced scaffolds identified by trisomy aCGH probes contained sequences similar to genes that are already assigned to GGA 16, including YF genes (currently incorrectly annotated as F10; RefSeq NW_003768678.1, NW_003765721.1, and NW_003778492.1), providing evidence for more class I genes in MHC-Y and a ribosomal RNA gene internal transcribed spacer (RefSeq NW_003771923.1) representing the NOR (Table 2) .
Detection, Localization, and Order of Candidate Genes on GGA 16 by FISH Because we identified more candidate genes than we could analyze by FISH, we chose to restrict the FISH analysis to the candidate SRCR and OR genes. The choice of these 2 genes was made for several reasons: 1) The findings suggested that multiple members of these gene families might map to GGA 16 and that these 2 types of genes would be physically close, 2) for FISH localization, linked multigene family members are more likely to produce robust signals, and 3) the SRCR and OR families are of interest to characterize with respect to their evolution and function in the avian immune system. We intend to confirm the location of the additional candidates identified by trisomy aCGH in future studies.
To verify that aCGH hybridization had correctly identified SRCR and OR genes on GGA 16, we used multicolor high-resolution FISH and multiple probes (OR/SRCR [~175 kb BAC 59A12], SRCR, MHC-B, and NOR probes) to localize the candidates to mitotic (metaphase) chromosomes, meiotic (prophase I pachytene) chromosomes, and spermatid nuclei (Figure 2 ). Chromosomes were stained by DAPI (blue), which under nonsaturating conditions produces a banding pattern that distinguishes AT-rich (DAPI bright, e.g., p-arm, see arrowheads in Figure 2 ) versus GC-rich (DAPI dull, e.g., centromere, see arrow in Figure 2 ) regions, because DAPI preferentially binds to the minor grooves of AT-rich DNA. The OR/SRCR probe used for the mitotic cell FISH ( Figure 2A ) colocalized with previously mapped regions (the NOR and MHC-B) , confirming the location of the OR and SRCR genes on GGA 16. The use of meiotic cell FISH of extended-state bivalents (synapsed GGA 16 homologs) improved the resolution between the closely positioned genetic regions of the microchromosome and their location with respect to GGA 16 structural features (p and q arms, centromere, GC-rich region on q-arm). The results established that the OR and SRCR genes are located on the q-arm of GGA 16. Furthermore, the OR and SRCR genes were centromere proximal, positioned "below" the centromere and "above" the NOR on the q-arm, whereas MHC-Y and MHC-B are "below" the NOR or q-terminal ( Figure 2C ; Delany et al. 2009 ). In mitotic and most meiotic views, the OR/SRCR probe containing genes of both types and the SRCR probe completely colocalized. However, in some meiotic preparations, the hybridization patterns suggested that the SRCR probe was slightly more proximal to the centromere. The spermatid view shown in Figure 2D confirmed this result and showed that the signals of the SRCR and OR/ SRCR probes were adjacent and overlapping. In this most extended-chromatin state, part of the region labeled by the SRCR probe was more centromeric and distinctly separate (red) but was immediately adjacent to and overlapped the region labeled by the OR/SRCR probe (yellow). In turn, the OR/SRCR probe was adjacent to the NOR probe (green).
OR/SRCR Gene Region Polymorphism and Linkage With Other Polymorphic Genes on GGA 16
We probed Southern blots with the SRCR probe to look for genetic polymorphism within the OR/SRCR region. Polymorphic restriction fragments were readily detected (data not shown), suggesting that the OR/SRCR gene region was polymorphic and that polymorphic restriction fragments might be used to test for linkage with the polymorphic MHC gene regions (MHC-Y and MHC-B) . Indeed, linkage with MHC-Y was observed and confirmed by testing the segregation of restriction fragments of DNA from the fully pedigreed family in which MHC-B and MHC-Y were previously shown Figure 2 . The OR and SRCR genes map to the q-arm of GGA 16. Multicolor FISH was used to map SRCR-domaincontaining genes (SRCR probe) and OR genes (OR/SRCR probe) and to establish their locations relative to the NOR (ETS probe) and the MHC-B region (MHC-B probe). Chromosomes and nuclei were stained by DAPI (blue), which discriminated the AT-rich (DAPI bright, e.g., p-arm and part of the q-arm) and GC-rich (DAPI dull, centromere and portions of the q-arm) regions of GGA 16. The white arrowheads indicate the p-arm and the white arrow indicates the centromere. Scale bars are 1 µm. (A and B) Highly condensed, mitotic metaphase chromosomes show that both SRCR (red in A) and OR/SRCR (yellow in B) probes map to GGA 16 and is confirmed by their colocalization with the NOR probe (green in A and B). Due to chromatin condensation, it is not possible to resolve which arm (p or q) the SRCR and OR/SRCR probes are located on, although both probes appear to be close to the centromere. (C) The chromatin state of Meiosis I pachytene GGA 16 bivalent chromosomes (synapsed homologs, i.e., paired for recombination) is more extended, which allowed improved resolution of the regions. The SRCR (red) and OR/ SRCR (yellow) genes colocalize to the same region that is proximal to the centromere and adjacent to the NOR (green). A large GC-rich region is evident on the other side of the NOR (green), and the MHC-B (green) is adjacent but proximal to the telomere. (D) Spermatid nuclei have the most extended-chromatin state and show the order of the partially overlapping SRCR (red) and OR/SRCR (yellow) probes, adjacent to the NOR (green) on the q arm. The overlapping red and yellow signals confirm the close proximity of the SRCR and OR genes. Unplaced scaffolds showing the intermingling of some members of these 2 gene families support this observation.
to be segregating (Briles et al. 1993) . We observed that the SRCR probe positive restriction fragments assort with MHC-Y haplotype and independently of MHC-B haplotype (Figure 3) . Similar blots probed for OR genes produced complex patterns. Polymorphism was evident in these patterns, but the many bands made it difficult to analyze the blots for segregation of the OR genes (data not shown). Given the evidence that OR and SRCR genes are physically close in the maps of unplaced scaffolds in Figure 1 and that double-positive BAC clones display double-positive restriction fragments ( Supplementary  Figure 2) , we conclude that at least a portion, and possibly all, of the OR genes located on GGA 16 are linked with SRCR genes and so, in turn, with MHC-Y (Figure 3 ).
Discussion
Here, we report the results of our undertaking to map additional genes to GGA 16. We used an innovative approach that combined trisomy mapping, an already established means for mapping genes to GGA 16, with microarray hybridization using aCGH probes from unplaced sequence scaffolds from the chicken genome project. We were able to identify 185 unplaced RefSeq scaffolds as candidates for originating from GGA 16. Although most of the unplaced sequences are not annotated, those which are provided evidence for the presence of additional genes and gene families on GGA 16.
Especially interesting is the evidence that OR genes, including OR genes of the OR14J1 type, are located in the vicinity of the MHC. Linkage of OR genes with MHC-Y class I genes is reminiscent of OR gene linkage with nonclassical MHC class I genes located in the extended region of the human MHC (HLA) (Ehlers et al. 2000) . This finding of OR genes in linkage with MHC-Y suggests that there may be a functional basis for maintaining linkage between an OR gene subset and MHC class I genes over millions of years of evolutionary time in which MHC class I gene remodeling occurs through rounds of duplication and deletion (Shiina et al. 1999; Nei and Rooney 2005) . The arrangement revealed here is more similar to that found in humans where the OR genes are separate from nearby class I genes and contrasts with mouse, where class I genes are present within the OR gene cluster (Amadou et al. 2003) . There is continuing interest in the possibility that OR genes (themselves polymorphic) located in the vicinity of the MHC play a role in maintaining MHC genetic polymorphism within breeding populations (Younger et al. 2001; Santos et al. 2010; Ziegler et al. 2010) . There are at least 36 OR genes linked to the extended MHC in humans. The findings in this study suggest that more than twice this number of OR genes are located on GGA 16 in the vicinity of the MHC. Most of these are OR14J1-like genes, indicating this particular OR family member has been conserved in the vicinity of the MHC over evolutionary time.
Further evidence from the analysis of the fully pedigreed C084 family showed that at least a portion (those closely linked with SRCR genes) and perhaps all the OR/SRCR gene region of GGA 16 are inherited linked with MHC-Y, even though the OR/SRCR gene cluster is separated from MHC-Y by the NOR. Indeed the linkage study establishes the linkage stability of the NOR with both MHC-Y and the OR/SRCR gene cluster.
Although there is a precedent for the presence of OR genes in the vicinity of the MHC, we found no evidence in the literature that genes that encode the ancient SRCR Figure 3 . Segregation of SRCR restriction fragments in a fully pedigreed family (Left) Restriction fragments were generated by Taq1 digestion of DNA from the fully pedigreed C084 family (Briles et al. 1993) , then separated by agarose gel electrophoresis and blotted with the SRCR probe. (Right) SRCR restriction fragments segregate within the family and reveal linkage with previously assigned MHC-Y haplotypes and not with MHC-B haplotypes. 
